Autophagy is an intracellular homeostatic mechanism important for the degradation of waste components from the cytoplasm in acidic lysosomal compartments. Originally, surplus parts of the cytoplasm that acted as targets for autophagy were thought to comprise cellular organelles and proteins, but this has now extended to include a range of pathogens with particular emphasis on intracellular bacteria. The finding that autophagy can sequester intracellular bacteria and mediate their destruction has opened the door to a wider role for autophagy as an effector arm of the immune system. In innate immunity, autophagy works downstream of pattern recognition receptors where it facilitates a number of effector responses, including cytokine production and phagocytosis. Autophagy is also able to intersect pathways of innate and adaptive immunity through its potential to deliver antigens for antigen presentation. Autophagy provides a substantial source of antigens for loading onto MHC class II molecules and it may be important in dendritic cells for cross-priming to CD8 + T cells. In lymphocytes, autophagy is essential for cell survival and homeostasis, particularly in T cells. In the thymus, autophagy can modulate the selection of certain CD4 + T-cell clones while in the bone marrow autophagy is needed for B-cell development at specific stages. However, large holes exist in our knowledge as to how autophagy regulates, and is regulated by, the immune system and it is important to now apply what we have gleaned from in vitro studies to how autophagy operates in vivo in the setting of natural infection.
Introduction
Eukaryotic cells have evolved two effective mechanisms for the breakdown of intracellular constituents: proteasomes and autophagy. Although multiple autophagic pathways exist in mammalian cells (microautophagy and chaperonemediated autophagy) each specializing in their mode of degradation, only in the case of macroautophagy (herein referred to as 'autophagy') has a well-defined role in immunity been described. Unlike proteasomes -which degrade ubiquitin-tagged, small, short-lived proteins -autophagy can remove large protein aggregates and entire organelles through their delivery to the lysosome. 1 Controlled by a number of autophagy-related (Atg) genes, autophagy engulfs its target cargo into a double-membraned vesicle, termed an autophagosome, which subsequently fuses with the lysosome to form a single-membraned autolysosome.
Here, the luminal contents are degraded and recycled back to the cytoplasm (Fig. 1) .
During autophagy initiation, activation of UNC-51-like kinase 1/2 (called Atg1 in yeast) in cooperation with the type III phosphatidylinositol 3-kinase hVPS34, Beclin 1 and Atg14 leads to the formation of an isolation membrane at the site of the endoplasmic reticulum. 2, 3 Phosphatidylinositol 3-phosphate (PI3P) produced by hVPS34 recruits the PI3P-binding effectors WIPI-1 and WIPI-2 that serve to further promote the formation of the isolation membrane. 1 This nascent autophagosome is subsequently elongated following the action of microtubuleassociated light chain 3 (LC3), a product of two protein conjugation systems and the prototypic marker of autophagosomes. In one, the covalent conjugate Atg5-Atg12 complexes to Atg16L1 to form an E3-like enzyme that aids the conjugation of LC3 to phosphotidylethanolamine (PE) to make LC3-PE (also referred to as LC3-II). The Atg5-Atg12-Atg16L1 complex also facilitates the localization of the second conjugation system to the isolation membrane. Here, LC3 is first activated by Atg7 and then coupled to PE by Atg3. LC3-II can then insert into the isolation membrane and facilitate its elongation into a closed, double-membraned autophagosome. In the final step, autophagosomes fuse with late endosomal or lysosomal organelles to form the terminal digestive compartment, the autolysosome. 1, 4 Functionally, autophagy was first described as a cellular response in rats to numerous stressors such as potassium deficiency and starvation. 5 However, there is now good reason to believe that autophagy forms the most ancient of immune defences. In the early evolution of eukaryotic cells its action was probably pivotal in protecting the cytosol from invading foreign organisms. An evolutionary hangover of this primitive immune function can perhaps be observed in the effective removal of mitochondria by autophagy. Mitochondria are organelles that have evolved from a Rickettsia-like a-protobacterium that at one time were foreign to the cytoplasm of eukaryotic cells. 1 With the onset of complex life and intricate vertebrate immune systems, autophagy has evolved a multifaceted role becoming a bona fide regulator and effector of the immune system.
Autophagy in innate immunity

Autophagy and pattern recognition receptors
Pattern recognition receptors (PRRs) comprise a group of innate receptors responsible for detection of invading pathogens through the recognition of motifs specific to the foreign microbe. These motifs are collectively termed pathogen-associated molecular patterns (PAMPs) and stimulate a myriad of effector responses when bound to their cognate PRR. 6 Toll-like receptors (TLRs) are a group of PRRs strongly connected to the autophagy pathway. TLR4 is able to induce autophagy in murine macrophages following stimulation with lipopolysaccharide (LPS). 7 Similarly, LPS stimulation of TLR4 was shown to increase the clearance of Mycobacterium tuberculosis by autophagy. 8 Induction of autophagy by TLR9 following stimulation with CpG-rich DNA has also been reported. 9, 10 Autophagy not only acts downstream of TLR signalling, but can also play a role in facilitating recognition of PAMPS by TLRs. Lee et al. showed that autophagy was able to deliver viral ligands to TLR7 in plasmacytoid dendritic cells (pDCs) following vesicular stomatitis virus and Sendai virus infection resulting in type I interferon production.
11
The NOD-like receptors (NLRs) are a group of innate receptors responsible for intracellular bacteria sensing and represent a second class of PRRs with links to autophagy. Activation of the NLRs nucleotide-binding oligomerization domain 1 (NOD1) and NOD2 in mice leads to recruitment of Atg16L1 at the plasma membrane to the site entry of invading Shigella flexneri and Listeria monocytogenes, resulting in their sequestration in autophagosomes and subsequent destruction. 12 In humans, the treatment of DCs with the NOD2 ligand muramyldipeptide (MDP) has been shown to induce autophagy and this effect was lost in MDP-treated DCs from patients with Crohn's disease with a polymorphism in NOD2. 13 The inability of DCs to induce NOD2-mediated autophagy led to increased bacterial burden with Salmonella enterica 15 In contrast to NOD1 and NOD2, the NLR NLRP4 can inhibit autophagy through its ability to bind and inhibit the action of Beclin 1. In the presence of group A streptococcus, NLRP4 is recruited to bacteria-containing phagosomes where it transiently dissociates with Beclin 1, perhaps providing a further NLR-mediated mechanism for autophagy induction in the presence of bacterial infection. 16 Autophagy can also act downstream of virus-sensing pathways mediated by retinoic acid inducible gene-like receptors (RLRs). Tormo et al. showed that treatment with the double-stranded RNA mimic polyinosinepolycytidylic acid, acting through the RLR MDA-5, is able to induce autophagy in melanoma cells resulting in autophagy-dependent cell death. 17 The relationship of RLRs with autophagy is notable as multiple reports document the negative regulation of RLRs by autophagy. For example, Atg5-deficient murine macrophages have increased RLR signalling mediated by enhanced reactive oxygen species production owing to an increase in mitochondrial volume. 18 In the same study, loss of Atg5 in mouse embryonic fibroblasts (MEFs) was associated with improved resistance to vesicular stomatitis virus infection. Hence, autophagy exhibits a complex regulatory role in the context of infection-sensing pathways via PRRs, acting in some cases to mediate the effective sensing and removal of intracellular bacteria, but can function in a negative regulatory capacity in the setting of viral recognition through RLRs.
Autophagy and bacteria handling
While autophagy was classically defined as an indiscriminate bulk-degradation pathway, specialized forms of autophagy have also evolved to promote the selective targeting of various cellular components such as mitochondria (mitophagy), peroxisomes (pexophagy) and intracellular bacteria (xenophagy) that have escaped the endocytic pathway to persist in the cytosol. The uptake of cytosolic bacteria by autophagy is mediated by a central adaptor protein called p62 (also known as SQSTM1), which recognizes polyubquitin tags on bacteria and links them to LC3-positive phagophores (growing autophagosomes) through its LC3-interaction region. 1, 19 In this way, the intracellular pathogen L. monocytogenes was found to be targeted to autophagosomes. When present in the cytosol, polyubiquitin-tagged L. monocytogenes is recognized by p62, which in turn binds LC3, coating the bacteria in polyubiquitin-p62-LC3, which permits the engulfment of L. monocytogenes by autophagosomes. 19 The importance of autophagy in the removal of this specialized cytosolic pathogen is highlighted by the action of three Listeria-derived factors: listeriolysin, phospholipase C and actin polymerization protein A that all inhibit autophagy, facilitating prolonged survival of L. monocytogenes in the cytosol. 19, 20 Xenophagy can also mediate the removal of vacuolar bacteria. During bacille Calmette-Gu erin (BCG) infection of the RAW cell line, autophagy facilitates the fusion of BCG-containing vacuoles with lysosomes to facilitate mycobacterial killing. 20 Mycobacterium tuberculosis,
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Salmonella 23 and Helicobacter pylori-containing phagosomes 24 have all been shown to fuse or to be directly engulfed by autophagosomes offering an alternative method for the destruction of intracellular bacteria by autophagy. Recent reports have furthered this work by demonstrating a crucial role for autophagy in mycobacterial handling in vivo. 25, 26 When infected with M. tuberculosis, mice with a myeloid lineage-specific deletion of Atg5 exhibited enhanced mycobacterial burden compared with wild-type controls, alongside increased tissue necrosis and lung pathology. 25 Watson et al. have identified the basis for this in vivo requirement: during M. tuberculosis infection of macrophages the bacterial ESX-1 secretion system initiates permeabilization of the phagosomal membrane that exposes bacterial DNA to components of the cytosolic DNA pathway, including STING. STING is responsible for the ubiquitin-tagging of bacteria that ultimately directs the bacteria to the autophagy machinery via the adaptors p62 and NDP52. 26 Although most studies of bacterial-specific autophagy involve the capture of intracellular bacteria, autophagy can similarly eliminate extracellular bacteria. Yuan et al. demonstrated that Pseudomanas aeruginosa is able to induce autophagy in the alveolar macrophages cell line MH-S. Knockdown of beclin 1 with small interfering RNA or treatment with the autophagy inhibitor 3-MA resulted in a marked increase in bacterial load whereas treatment with the autophagy inducer rapamycin improved bacterial clearance. 27 Recent studies have defined a function for autophagy in the formation of neutrophil extracellular traps (NETs), a process by which neutrophils capture and destroy invading bacteria. NETs are comprised of extracellular chromatin structures released by neutrophils during a form of specialized cell death distinct from apoptosis and necrosis called NETosis. PMA-induced NETosis was found to be dependent on autophagy and treatment of neutrophils with the autophagy inhibitor wortmannin was able to exert an inhibitory effect on NET forma- tion. 28 The importance of autophagy in NET formation was verified in subsequent studies that also showed that pharmacological manipulation of autophagy could induce or inhibit NET formation and mediate the delivery of factors important for NET function. 29, 30 Table 1 offers several further examples as to how autophagy interacts with invading bacteria, including the relationship with some viruses and parasites.
Autophagy and cytokines
As previously discussed, autophagy is invoked during infection following the detection of PAMPs by PRRs. However, autophagy is also under the control of cytokines and immunologically relevant cell surface receptors. The T helper type 1 (Th1) cytokine interferon-c is a potent inducer of autophagy while the Th2 cytokines interleukin-4 (IL-4) and IL-13 have been shown to have inhibitory effects. This observation suggests a role for autophagy as an effector arm of Th1-mediated immunity and may partly explain why Th1 cytokines afford protection against intracellular bacteria.
1 Autophagy also has a role in the biogenesis and secretion of various proinflammatory cytokines. Atg16L1-deficient macrophages exhibit enhanced IL-1b and IL-18 secretion following stimulation with LPS. 4 Human peripheral blood mononuclear cells with a Crohn's disease-associated Atg16L1 variant display a similar phenotype, with increased IL-1b secretion in response to MDP stimulation. 31 Zhou et al. demonstrated that a block in autophagy results in the accumulation of reactive oxygen species and the release of DNA from damaged mitochondria. This was shown to drive activation of the NLRP3 inflammasome and ultimately in excessive caspase-1 activation resulting in IL-1b and IL-18 production. 32 Interestingly, IL-1b can itself induce autophagy in macrophages, suggesting that IL-1b might regulate its own production through autophagy. 33 Production of multiple other cytokines is enhanced in the absence of autophagy, increases in IL-1a, IL-12, IL-17 and CXCL1 were all observed in Atg5 fl/fl LysM-Cre + mice compared with wild-type controls in response to M. tuberculosis infection. 25 Tumour necrosis factor-a and IL-6 secretion are also regulated by autophagy; knockdown of Atg16L1 and the autophagy-related gene IRGM by small interfering RNA resulted in significantly increased production in human THP-1 macrophages following infection with adherent-invasive E. coli.
14 Inhibition of autophagy with 3-MA or knockdown of beclin 1 and Atg7 promotes IL-1a, IL-1b and IL-23 secretion by macrophages and DCs and this in turn augments innate secretion of IL-17, IFN-c and IL-22 by cd T cells. 34 
Autophagy in adaptive immunity
Autophagy and antigen presentation
MHC class I presentation
In the presence of infection, T cells recognize foreign antigen presented in the context of MHC molecules. Antigen presentation refers to the pathways involved in the effective delivery of antigens to MHC molecules, often requiring a complex interplay between intracellular factors and compartments. CD8 + T cells recognize peptides presented in the context of MHC class I molecules expressed on the surface of all nucleated cells. MHC class I molecules present antigen derived from various intracellular sources such as viral proteins, endogenous tumour antigens and cytoplasmic and nuclear self-antigens. 35 During MHC Class I presentation antigens are processed by the proteasome into peptides before being transported into the endoplasmic reticulum by the transporter associated with antigen-processing, where they are loaded onto MHC Class I molecules before cell surface expression via the golgi apparatus. Limited evidence exists that autophagy plays a role in the conventional MHC class I pathway. Schmid et al. could not demonstrate improved MHC class I presentation of a viral epitope when it was conjugated to LC3, a mechanism that was able to enhance the presentation of MHC class II antigens. 36 Multiple other studies have also failed to report a requirement for autophagy in MHC class I presentation. [37] [38] [39] However, inhibition of autophagy was found to decrease MHC class I surface expression in B16 murine melanoma cells and subsequent tumour cell cytolysis by CD8 + T cells. 40 Autophagy has been implicated in an alternative pathway of MHC class I presentation that exists in DCs and macrophages, termed cross-presentation. Cross-presentation provides the means to present extracellular-sourced antigens on MHC class I molecules that would normally be routed through the MHC class II pathway to induce a CD4 + T-cell response. Via this mechanism CD8 + T cells may respond to exogenous antigens and phagocytosed material. 35 Li et al. demonstrated how the tumourspecific CD8 + T-cell response could be enhanced using dendritic cells that had phagocytosed tumour cells treated with rapamycin or starvation to induce autophagy. 41 Immunization of mice with purified tumour-derived autophagosomes could also induce the tumour-specific T-cell response.
MHC class II presentation
CD4
+ T cells recognize antigen in the context of MHC class II molecules expressed on professional antigen-presenting cells and epithelial cells. 36 Unlike endogenous MHC class I peptides, which are generated by proteasomes in the cytosol, exogenous antigens are processed in endolysosomal compartments where they are degraded by lysosomal proteases and loaded onto MHC class II molecules that have trafficked from the endoplasmic reticulum to MHC class II compartments (MIICs). Because of the prominent role of the lysosomal system in MHC class II presentation many studies have linked autophagy to this form of antigen presentation. Traditionally, MHC class II antigens were believed to be sourced from the extracellular space following phagocytosis by antigen-presenting cells. However, autophagy may comprise a significant source of MHC class II antigens derived from intracellular sources through the delivery of material to the lysosome. Schmid et al. showed in primary monocyte-derived DCs that autophagosomes frequently fused with MIICs. More than 50% of MIICs were observed to receive input from autophagosomes. 36 In a separate study, analysis of the human B lymphoblastoid cell line showed that some MHC class II epitopes were derived from intracellular sources and starvation-induced autophagy could enhance the presentation of intracellular antigens on MHC class II molecules. 42 Use of starvation and rapamycin in macrophages and DCs can also increase MHC class II expression of a mycobacterial antigen following phagocytosis of BCG. 43 The secreted antigen, Ag85B, was found colocalized with LC3 + autophagosomes suggesting that autophagy may capture antigens following their escape from the phagosome and deliver them to the lysosome to prime CD4 + T cells. Indeed, the immunization of mice with rapamycin-treated DCs infected with mycobacteria could enhance the priming of mycobacteria-specific CD4 + T cells. 43 Conjugation of the influenza matrix protein 1 to LC3 could also enhance the priming of antigen-specific CD4 + T cells 36 ; whereas mice with a DC-specific deletion of Atg5 have impaired CD4
+ T-cell priming in response to herpes simplex virus infection. 37 The intersection of autophagy with antigen-processing pathways may be even closer than originally presumed. A recent study reported the formation of autophagosome-like structures emanating from MIICs in DCs. These structures contain the molecular machinery involved in antigen-processing as well as the autophagosome markers LC3 and Atg16L1 44 . These observations offer the interesting prospect of antigen-presenting cells carrying out a specialized form of autophagy specific to the setting of antigen presentation, but add further complexity to the role that autophagy plays in the delivery of antigens to MHC molecules. What is clear is that autophagy provides a prominent source of antigens that can be routed into antigen-processing pathways through the fusion of autophagosomes with antigen-loading compartments (Fig. 2) . As such, autophagy can be thought of as a key regulator of T-cell priming by influencing the repertoire of epitopes presented and thereby the nature and intensity of the ensuing T-cell response.
Autophagy in T cells
Although relatively small cells with limited cytoplasm, T cells have been extensively shown to perform autophagy and express autophagy genes. [45] [46] [47] Autophagy is carried out constitutively to low levels in murine and human CD4 + and CD8 + T cells and can be induced following T-cell receptor stimulation 45, 47 and HIV infection 48 in vitro. High levels of autophagy have been observed in cortical thymic epithelia cells of the murine thymus, suggesting that autophagy may have a role in the devel- opment and selection of T cells. 49, 50 Thymi with an Atg5 deletion in the stroma exhibit altered selection of certain CD4 + T-cell specificities alongside multi-organ inflammation, indicating a function for autophagy in T-cell selection and central tolerance. 50 In contrast, no change in the selection of CD8 + T cells was observed. A number of genetic model systems have been employed to investigate a specific role for autophagy in T cells in vivo. In, Atg5 CD4-Cre mice, autophagy-deficient T cells develop normally within the thymus 47, [51] [52] [53] . The effect of losing autophagy in the peripheral T-cell compartment is much more pronounced, however. There is a significant reduction in T-cell numbers in the spleen and lymph nodes of mice with a T-cell-specific deletion in Atg5
Atg3
À/À and Vps34 À/À , with increased levels of apoptosis observed. 46, 47, [51] [52] [53] Atg5
, Atg7 À/À and Vps34 À/À T cells also fail to proliferate effectively following activation. 47, 53 These defects appear to stem from an inability of autophagy-deficient T cells to regulate organelle quality control. An increase in mitochondrial load has been observed in autophagy-deficient T cells and this has been associated with enhanced levels of reactive oxygen species and cell death. 46, 51 Atg7 À/À T cells also display defective calcium influx following T-cell receptor stimulation due to dysregulated endoplasmic reticulum homeostasis. 46 Autophagy has recently been found to regulate energy metabolism in T cells. Blocking autophagy with lysosomal inhibitors was shown to inhibit the increase in ATP production normally observed following T-cell activation. When an exogenous energy source was provided to autophagy-deficient T cells in the form of methyl pyruvate, some of the defects in T-cell function could be reversed. 54 Interestingly, a role for autophagy has recently been described in inducible natural killer T (iNKT) development. Mice with a T-cell-specific deletion of Vps34 exhibited a block in the early stages of iNKT development (stage 0) in the thymus. 53 The same study also reported an essential role for autophagy in Foxp3 + regulatory T cell homeostasis and function, suggesting that the influence of autophagy in T-cell biology extends to multiple subsets and settings. Although much remains to be explained as to why the loss of autophagy impacts on T cells so severely, the evidence to date suggests a critical role for autophagy in T-cell homeostasis and function.
Autophagy in B cells
With use of Atg5 À/À Rag1 À/À chimeric mice and mice with a B-cell-specific deletion of Atg5 it was shown that auto- phagy-deficient B-cell progenitors fail to transition between pro-and pre-B-cell stages in the bone marrow, suggesting a requirement for autophagy in B-cell development. 55 Like T cells, B cells are also severely affected by the absence of autophagy in the periphery. For example, deletion of Atg7 in the haematopoietic system results in reduced numbers of peripheral B cells, 56 while mice lacking Atg5 in the B-cell lineage showed a particular requirement for autophagy in B-1a B-cell homeostasis 55, 57 . Pengo et al. have recently elucidated the role of autophagy in B cells responding to antigen in an elegant study. In response to LPS stimulation ex vivo, Atg5-deficient B cells could effectively differentiate into plasma cells (PCs), exhibiting normal proliferation, cell enlargement and CD138 expression (a marker of PCs in mice). However, Atg5 À/À PCs displayed increased intracellular immunoglobulin content and IgM production in vitro in response to LPS. The absence of autophagy was shown to increase endoplasmic reticulum stress, leading to an increase in Blimp-1 expression, which subsequently drives IgH expression and ultimately increased immunoglobulin production. However, when Atg5 flox/flox CD19-Cre mice were immunized with a pneumococcal vaccine the antibody response in vivo was significantly decreased. The enhanced antibody production observed in vitro was negated by a requirement for autophagy in PC viability in vivo 57 .
Conclusion
We now know that autophagy and immunity are inexplicably linked and many aspects of the immune system exploit autophagy to regulate and mediate an array of effector functions. From the evidence available this observation is most pronounced in the innate immune system. Here, autophagy is implicated in pathogen sensing, phagocytosis, the removal of intracellular pathogens, and cytokine production. However, the capacity for autophagy to intercede in antigen processing and presentation pathways places it at the fulcrum of innate and adaptive immunity. More is known of how autophagy interjects into the MHC class II pathway, but a role for it in MHC class I presentation is still unclear and requires further work. In the adaptive immune system, autophagy is essential for the homeostasis of lymphocytes. T cells show an exquisite sensitivity to the loss of autophagy when compared to other immune cells, some of which fair relatively well without it. What are the reasons for these cellspecific differences? An answer may lie in the differing ability of cells to cope with increased reactive oxygen species levels observed in autophagy-deficient cells; or a less stringent requirement for autophagy-dependent organelle homeostasis in larger immune cells. In the case of B cells, we have finally begun to delineate the role that autophagy plays in lymphocytes in response to infection. For T cells this is still largely lacking. Much work has been done to investigate the role of autophagy in T cells in the steady state, but we must now define what part, if any, it has to play in antigen-specific T cells in vivo. In what way would T cells require classical degradative autophagy to respond to antigen? Perhaps T cells use novel roles for autophagy proteins that remain undiscovered. Although autophagy detection in primary cells ex vivo is challenging, use of mouse models with lineage-specific deletions in autophagy genes will help to answer some of these pressing questions. The ability to modulate the innate immune system so effectively through manipulation of autophagy suggests that targeting autophagy in the setting of the adaptive immunity may yield benefits in key areas such as vaccination and ageing.
